We constructed a LongSAGE (Long Serial Analysis of Gene Expression) library from a 3-d culture of Phanerochaete chrysosporium supplemented with atropine, which inhibits the production of lignin-degrading enzymes. The library (the atropine library) contains 13,108 LongSAGE tags and 6,783 unique tags. The gene expression profile represented by the tags was compared with those of two previously constructed libraries, one of which was constructed using 2-d cultures in which the fungus had not yet produced ligninolytic enzymes (the 2-d library) and the other was constructed using 3-d cultures in which the fungus had just started to produce the enzymes (the 3-d library). We found a total of 595 genes that were at least twice more highly or at least twice less highly expressed in the 3-d library than in the 2-d library or the atropine library, and the fluctuations were statistically significant. The relationships among these 595 genes were considered using cluster analysis. Of the 595 genes, 164 showed expression patterns similar to those of four ligninolytic enzyme genes, which were more expressed on day 3 than under any other conditions. Many of these 164 genes comprised genes possibly involved in lignin degradation, lipid metabolism, xenobiotic degradation, stress response, or signal transduction pathways.
expected to be utilized in environmental detoxification, industrial processing of paper and textile, and production of woody cellulose resources. Production of enzymes is induced during secondary metabolism, and its regulation is considered to be highly involved in the entire ligninolytic system, but the details of the mechanism of expression are yet to be clarified. Hence it is very important to gain knowledge of the regulation mechanism of enzyme production for effective industrial use of the enzymes and analysis of the ligninolytic system of the fungi. 2) Phanerochaete chrysosporium is the most widely characterized white-rot basidiomycete 3) whose whole genome data are currently available. 4) Some transcriptome and proteome analyses of these whole genome have been performed. 5, 6) By LongSAGE (Long Serial Analysis of Gene Expression), we have also performed a transcriptome analysis of P. chrysosporium RP78, a homokaryon used in whole genome sequencing. 7) In that previous study, we compared the library constructed using 2-d cultures in which the fungus had not yet produced ligninolytic enzymes and the library constructed using 3-d cultures in which the fungus had just started to produce the enzymes to investigate the regulation mechanism of the expression of ligninolytic enzymes in a chemically defined medium. 8) The comparison revealed that some genes, including the ligninolytic enzyme genes, are significantly more highly expressed in the 3-d library than in the 2-d library. Perhaps there were many genes that play important roles in the production of ligninolytic enzymes among the genes. However, by using only two libraries like those in the previous study, the genes cannot be classified into distinct groups by statistical methods such as cluster analysis, since the method is essential to determine which genes are more closely associated with the enzyme production pathway than other genes. Moreover, it is likely that many genes whose expression changes according to culture progression and were unrelated to enzyme production were also induced in the 3-d library. Hence it is worthwhile to search carefully for the genes that are important to enzyme production in order to obtain more information from a new library constructed using a culture grown for 3 d in which ligninolytic enzymes are suppressed in some manner.
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In 1985, MacDonald et al. reported that the intracellular cAMP concentration increases when P. chrysosporium starts to produce ligninolytic enzymes under low nitrogen conditions. 9, 10) In 1992, Boominathan and Reddy indicated that atropine can inhibit ligninolytic enzyme production, and in this case, intracellular cAMP concentration did not increase in P. chrysosporium culture under low nitrogen conditions. They speculated that atropine inhibited adenylate cyclase, a key enzyme involved in cAMP synthesis, which might be required for ligninolytic enzyme production. 11) In the present study, we constructed a new LongSAGE library using atropine-supplemented cultures and compared it with the previously constructed libraries to gain insight into the ligninolytic enzyme expression pathway and the mechanism of inhibition by atropine. 12) and the air of the flask was replaced with O 2 . O 2 substitution was performed every 24 h, as required for optimal lignin degradation. 13) When atropine or pilocarpine is added to the culture for LongSAGE library construction or enzyme assay, 200 ml of 1M-atropine in ethanol (final concentration 10 mM) or 80ml of 2.5 Mpilocarpine in ddH 2 O (final concentration 10 mM) was added to the culture on day 2. The LongSAGE library was constructed as described previously.
Materials and Methods

8)
Nitrogen assimilating test. The conidia of P. chrysosporium were washed 3 times with ddH 2 O and suspended with ddH 2 O (5 Â 10 3 conidia/ml). Five ml of the suspension was inoculated onto the edges of testing plates (2% w/v agarose, 1% v/v modified Basal III, a trace component, nitrilotriacetate was removed from original Basal III because it contains nitrogen atom, 1% w/v glucose, 20 mM Na-2,2-dimethylsuccinate pH 4.5, and 0.4 mM veratryl alcohol) supplemented with optional nitrogen sources and incubated at 37 C for 6 d.
Measurement of ligninolytic enzyme activity. Enzyme activities were assayed as described below. LiP activities were assayed by veratryl alcohol oxidation.
14) The enzyme was incubated with 10 mM veratryl alcohol, 250 mM D-tartaric acid (pH 2.5), and 500 mM H 2 O 2 . The extinction coefficient of veratryl aldehyde (oxidized veratryl alcohol) at 310 nm is 9,300 M À1 cm À1 . One unit of enzyme activity represents 1 micromole of veratryl alcohol oxidized to veratryl aldehyde per min. MnP activities were assayed by guaiacol oxidation. 15) The enzyme was incubated with 400 mM guaiacol, 50 mM Na-lactate buffer (pH 4.5), 200 mM MnSO 4 , and 100 mM H 2 O 2 . The extinction coefficient of oxidized guaiacol at 465 nm is 12,100 M À1 cm À1 . One unit of enzyme activity represents 1 micromole of guaiacol oxidized per min. Four repetitions were performed, and means and standard deviation were calculated.
Dry weight measurement. The fungal mycelia were separated from the culture broth using gauze and dried at 150 C for more than 5 h. Four repetitions were performed, and means and standard deviation were calculated.
Comparison of libraries. Tags found only once in the libraries used in this study (orphan tags) were regarded as sequence errors and were excluded from statistical analysis. Significant differences were calculated by the Audic-Claverie test 16) using the program Identification of Differentially Expressed Genes 6 (IDEG6). 17) Tags that were expressed at least twice more or at least twice less significantly (p 0:05) in the 3-d library than in the 2-d library or in the atropine library were used in subsequent analysis. Cluster analysis was performed with the tag data using a PoissonC algorithm (http://genome.dfci.harvard.edu/sager). 18) We adopted 11 as the number of clusters. The tags were annotated by reference to the P. chrysosporium whole genome data and the putative transcript data from the P. chrysosporium genome database v2.0, available at the JGI (DOE Joint Genome Institute, http://genome.jgipsf.org/Phchr1/Phchr1.home.html).
Results and Discussion
Effects of atropine
The enzyme activities were suppressed between day 3 and day 5 in the culture supplemented with 10 mM atropine, but were detected in culture not supplemented with atropine (Fig. 1A, B) . The dry weight of the mycelia was the same under conditions of atropine supplementation and no supplementation (Fig. 1C) . This indicates that atropine does not inhibit fungal growth.
The atropine molecule contains a nitrogen atom. If atropine acts as a nitrogen source, influence of 10 mM atropine, added to the medium (containing 2.4 mM nitrogen) on day 2, might be too much to construct a proper experimental growth condition for SAGE analysis. Moreover, there is a possibility that the inhibitory mechanism of ligninolytic enzyme expression in P. chrysosporium is same as that due to sufficient NH 4 salt (12 mM ammonium tartrate, equivalent to 24 mM of NH 4 ), 19) so-called nitrogen repression. The nitrogen form is important in assimilation. That of atropine is very different from NH 4 ; the nitrogen atom of atropine is covalently bounded with only three carbons in the atropine molecule. As described above, atropine did not increase hyphal weight (Fig. 1C) , so atropine did not appear to behave as a nutrient component. To determine whether P. chrysosporium can utilize atropine as a nitrogen source, assimilating capability was tested using defined medium supplemented with various nitrogen sources. In the event, the conidia of P. chrysosporium germinated under all culture conditions ( Fig. 2A-F) , even though on nitrogen-removed limiting medium ( Fig. 2A) , but, growth was in trace amounts and hyphal elongation stopped in the early phase on the limiting medium ( Fig. 2A) , 10 mM atropine-supplemented medium (Fig. 2B) , and 10 mM pilocarpine (an atropine analog)-supplemented medium (Fig. 2C ). This indicates that P. chrysosporium cann't utilize these chemicals as nitrogen sources.
Pilocarpine is an analog of atropine that contains nitrogen atoms covalently bounded only with three or four carbon atoms. Ten mM of pilocarpine did not attenuate ligninolytic enzyme expression in P. chrysosporium (Fig. 1A, B) . These results strongly suggest that a manner of inhibition of enzyme expression by atropine is different from that by nitrogen repression. Much research was required to identify the inhibitory mecha-nism, but irrespective of the inhibitory mechanism, atropine was a suitable stopper of cAMP accumulation and enzyme expression in our experiment, because it did not have any effect on growth conditions, as mentioned above.
LongSAGE
The atropine library constructed in this study contained 13,108 LongSAGE tags and 6,783 unique tags (Table 1) . This library and the previous two libraries (the 3-d library and the 2-d library) were compared. To avoid potential sequence errors, the orphan tags were removed before statistical analysis. A total of 595 tags were at least twice more highly or at least twice less highly expressed significantly (p 0:05) in the 3-d library than in the other libraries, and these were used in subsequent cluster analysis.
Cluster analysis
The 595 genes were divided into 11 clusters, designated cluster 1 to cluster 11 ( Fig. 3) . The genes of clusters 5, 6, and 8 tended to be considerably more expressed in the 3-d library than in the 2-d library or the atropine library, in which the ligninolytic enzyme genes were not expressed. Clusters 5, 6, and 8 comprised 87, 37, and 44 genes respectively. These clusters contained ligninolytic enzyme genes predicted using the whole genome data, annotation information offered by JGI, and a manual blast search. Cluster 5 contained LiP genes, the LiP H8 gene (liph8, protein ID 8895) and the LiP H2 gene (liph2, protein ID 6811); cluster 6 contained one MnP gene, mnp3 (protein ID 878), and cluster 8 contained one MnP gene, mnp2 (protein ID 3589). Because genes belonging to clusters 5, 6, and 8 formed clusters with the genes of MnPs and LiPs, it is thought that some of their functions might be related to ligninolytic enzyme production. Clusters 3 and 10 consisted of 90 and 18 genes respectively. The genes of these clusters tended to be considerably more highly The parenthesized numbers represent tags counted twice or more among the three libraries (not orphan tags).
expressed in the 2-d library than in other libraries, which were constructed from 3-d cultures. These genes were downregulated in the atropine library to the same level as in the 3-d library; hence, they were downregulated after day 2 and were not affected by atropine. Clusters 2, 7, and 11 comprised 64, 44, and 50 genes respectively. The genes of these clusters tended to be considerably more highly expressed in the atropine library than in any other library. These genes were thought to be atropineinduced genes, which might not be related to ligninolytic enzyme production. Cluster 9 consisted of 52 genes, which tended to be upregulated in the atropine library to the same level as in the day 3 library. Hence they were upregulated after day 2 and were not affected by atropine. Most of these genes are perhaps not be related to ligninolytic enzyme production, because expression of them was dependent on growth time and not on atropine. Cluster 1 consisted of 49 genes, which tended to be considerably more downregulated in the atropine library than in any other library, and their expression level on day 2 was almost the same as on day 3. These findings indicate that these genes were downregulated by atropine and were not related to ligninolytic enzyme production. Cluster 4 consisted of 60 genes. Their expression levels in the atropine library tended to be the same as in the 2-d library. This indicates that downregulation of these genes was interrupted by atropine on day 3. Hence there is a possibility that expression of these genes suppressed ligninolytic enzyme production by day 2 in the RP78 culture. A grained classification of the genes was performed using the KOG (EuKaryotic Orthologous Groups) class annotated by JGI to give a broad overview of them (Fig. 4) . Many of the genes are functionally unknown, and gene composition is not generally different among the groups of clusters. The group of clusters 5, 6, and 8, in which the genes were more highly expressed in the 3-d library than in the others, is composed of various genes. Fifteen percent of them are related expressional control (translation, ribosomal structure, biogenesis 3%, transcription 5%, signal transduction mechanisms 3%, posttranscriptional modification, protein turnover, chaperon 4%). Of the group of clusters 3 and 10 and cluster 9, in which the genes were not affected by atropine, 11-12% are classified in posttranscriptional modification, protein turnover, chaperon. This suggests that the posttranscriptional regulation system is largely changed during day 3 from day 2, although the change is not affected very much by atropine. Cluster 4 is comprised of genes that are downregulated during initiation of MnP and LiP expression. Fourteen % and 9% of them belong to translation, ribosomal structure, biogenesis and signal transduction mechanisms, respectively. They can have a role in repressing MnP and LiP expression.
Annotation of genes showing the same expression pattern as that of the ligninolytic enzyme genes
A total of 168 genes of clusters 5, 6, and 8 showed similar expression patterns (Fig. 3) . The functions of these 168 genes must be emphasized in this report, because there is a high possibility that these genes, which include all the ligninolytic enzyme genes (liph8, liph2, mnp2, and mnp3) detected in this study, have important roles in enzyme production and the suppression mechanism by atropine. Hereafter, these 168 genes are mainly discussed ( Table 2 ). The annotation data for other genes are attached as supplementary data (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site). Of the 168 tags, 140 were annotated to 138 CDSs predicted by the JGI, each of which has a unique protein ID (tags GCAGGCTCTGTATCAGT and AGCCAATACATAGCACG were assigned to protein ID 505, and tags TAGATGTTCTTTGGACA and CTC-GTTCATACCCTCGG to protein ID 612; they might be transcriptional variants.). The remaining 28 tags could not be annotated using the whole genome data. Of the 138 protein IDs, the functions of 80 proteins were annotated with gene ontology (GO) name data offered by JGI (Table 2) . By way of exception, the LiP and MnP genes (which are not included in GO names) and some genes were predicted manually, by blast search, InterProScan and/or EuKaryotic Orthologous Groups (KOG).
Enzyme genes probably related to lignin degradation Of the 80 protein genes listed in Table 2, 58 mentioned above. Three cytochrome P450s (protein IDs 4556, 5527, and 8962, annotated by KOG) are also included in it (Table 2) . Cytochrome P450 is considered to be involved in the intracellular degradation of lignin derivatives. [20] [21] [22] [23] Although we have reported that one isozyme of cytochrome P450s was downregulated on day 3 in the medium, 8) this finding does not conflict with the result of the present study because P. chrysosporium has various types of P450 genes. [20] [21] [22] [23] On the same score, it is unclear that the isozymes regulated coincidentally with the lingninolytic enzyme genes under this culture condition are involved in lignin degradation. In fact, cytochrome P450 has diverse roles, as described below.
Enzyme genes possibly related to lipid metabolism Some unsaturated lipids that form a lipid peroxidation system with ligninolytic enzymes are considered to be important factors in lignin degradation. 24) It is possibly that a lipid peroxidation system is regulated in a manner parallel to ligninolytic enzyme expression. Cytochrome P450s, aldehyde dehydrogenase (NAD þ ) (protein ID 137014), carbonyl reductase (NADPH) (protein ID 137260), 3-oxoacyl-reductase (protein ID 140533), and phospholipase D (protein ID 140858) which can play a role in lipid metabolism, are in Table 2 , although further experiments are necessary to clarify the exact physiological functions of the genes. 3d  2d  atro   5  GTTCACAAGGCTAGTTA  -12  5  1  -5  TAAAGTAAAATATTCGA  135576  7  2  2  Pyrophosphatase activity  5  TAACAATAGGCTTTGAC  6094  5  2  0  -5  TAATATAGCAATGAACA  36647  4  1  0  Catalytic activity  5  TAATCCTGGATAACAAG  43468  6  2  1  Succinate dehydrogenase activity  5  TAATGTTAGTGTGCCAC  -6  3  1  -5  TACAATATTATCTGTAC  3400  6  1  1  Protein binding  5  TACCAATAGTTGTTGTT  7370  5  1  0  -5  TACCACCTTCAGTTTAT  5697  4  2  0  -5  TACCTGTGCAGGAGTGT  10678  5  1  0  GTP Enzyme genes possibly related to xenobiotic degradation White rot fungi and their ligninolytic enzymes have potential applications in bioremediation. They have been found to degrade and mineralize a wide variety of industrial and agricultural pollutants [25] [26] [27] [28] with a metabolic pathway attributed to the ligninolytic enzyme system or an other metabolic pathway. 29) There are many enzymes which were possibly related to biodegradation of xenobiotics in Table 2 Genes probably related to stress response system Chemical stress or oxidative stress induces ligninolytic enzyme expression. [30] [31] [32] [33] In this experiment, P. chrysosporium culture was exposed to pure oxygen gas which is required to cause this aerobic fungus to express ligninolytic enzymes, so many reactive oxygen species should arise in the culture. Glutaredoxin, glutathione transferase, and glutathione S-transferase, described above, are also known as stress response genes. Glutaredoxin is a small protein that catalyzes glutathione-dependent disulfide oxidoreduction reactions in a coupled system with NADPH, GSH, and glutathione reductase. Glutathione S-transferase reduces lipoperoxide using the reduced form of glutathione. These components of the glutathione system are involved in detoxification, on antioxidant effect, DNA synthesis, and signaling. 34) This glutathione system might play an important role in protecting the mycelium against reactive oxygen species arising in the culture.
Genes probably related to signal transduction One of the main aims of this study was the analysis of the mechanism that regulates ligninolytic enzyme production. We searched the factors involved in signal transduction from the genes listed in Table 2 . We found shows that phospholipase D (protein ID 140858) and protein kinase C (PKC) substrate (protein ID 1305, annotated by KOG), are involved in the PKC pathway. Perhaps phospholipase D degrades phosphatidylcholine into choline and phosphatidic acid (PA), and the resulting PA is then rapidly degraded to diacylglycerol (DAG) by lipid phosphate phosphohydrolase, which is constitutively expressed in the cells, and DAG activates PKC. However, it has been reported that DAG generated by phospholipase D activates PKC in vitro, but does not activate PKC in animal cells. 35) Hence further investigation is necessary to confirm that phospholipase D activates the PKC pathway in P. chrysosporium. The cis-element AP-1 is typically involved in activation of the PKC pathway. There are interesting reports that the glutathione system or the thioredoxin system, which is the key component of the oxidoreduction reaction of thiol, is required, so that some transcription factors that respond to hydrogen peroxide, such as Yap1 (yeast activator protein 1, structural and functional homolog of Pap1 in Saccharomyces cerevisiae) and Pap1 (the AP-1 transcription factor of Schizosaccharomyces pombe), might form an active state. 36, 37) The glutathione system was upregulated during the production of ligninolytic enzymes, as described above.
Calmodulin (protein ID 10767, annotated by KOG), one of the Ca 2þ binding proteins and a factor in another Ca 2þ signaling pathway, and calcium-and calmodulinresponsive adenylate cyclase activity (protein ID 134008), were also detected. They might be involved in cAMP accumulation during the initiation of ligninolytic enzymes expression.
In this study, we found genes that regulate ligninolytic enzyme production of P. chrysosporium in a chemically defined medium. This information is vital to study of the enzyme expression pathway in order to design a bioreactor system or an efficient enzyme production system for industrial use. Currently, we are investigating the genes that were found to be factors involved in the cAMP signaling and Ca 2þ signaling pathways.
